Fluorescence in situ hybridization (FISH) resolution has advanced because newer techniques use increasingly decondensed chromatin. FISH cannot analyze restriction enzyme cutting sites due to limitations of the hybridization and detection technologies. The RecA-assisted restriction endonuclease (RARE) technique cleaves chromosomal DNA at a single EcoRI site within a given gene or selected sequence. We recently described a mapping technique, optical mapping, which uses fluorescence microscopy to produce high-resolution restriction maps rapidly by directly imaging restriction digestion cleavage events occurring on single deproteinized DNA molecules. Ordered maps are then constructed by noting fragment order and size, using several optically based techniques. Since we also wanted to map arbitrary sequences and gene locations, we combined RARE with optical mapping to produce site-specific visible EcoRI restriction cleavage sites on single DNA molecules. Here we describe this combined method, named optical RARE, and its initial application to mapping gene locations on yeast chromosomes.
imaging restriction digestion cleavage events occurring on single deproteinized DNA molecules. Ordered maps are then constructed by noting fragment order and size, using several optically based techniques. Since we also wanted to map arbitrary sequences and gene locations, we combined RARE with optical mapping to produce site-specific visible EcoRI restriction cleavage sites on single DNA molecules. Here we describe this combined method, named optical RARE, and its initial application to mapping gene locations on yeast chromosomes.
Fluorescence in situ hybridization (FISH) (1-6) is commonly used to locate known sequences on chromosomes, and multiple sequences are simultaneously detected by using fluorescence labeling schemes, exploiting differing spectral attributes (5). The routine size resolution of FISH has been improved by using less condensed chromatin obtained from interphase chromosomes or free chromatin, and it now approaches electrophoretic size resolution, around 100 kilobases (kb) or sometimes less (1) (2) (3) (4) . Despite these advances, restriction enzyme cleavage sites cannot be detected by using established FISH methodologies.
We recently reported a light-microscope-based methodology, called optical mapping (7), that rapidly constructs restriction maps from single, completely deproteinized, chromosomal DNA molecules. Briefly, chromosomal DNA molecules are elongated and fixed in molten agarose gel containing a fluorochrome and an appropriate restriction endonuclease buffer without Mg2+. The added restriction endonuclease is triggered by diffusing Mg2+ into the microscope-mounted chamber, and the digestion events are digitally imaged, stored, and processed. To expand applications of optical mapping we decided to develop approaches to map specific sequences present on individual chromosomal DNA molecules. An obvious extension was to use site-specific cleavage techniques such as RecA-assisted restriction endonuclease (RARE) (8-10), triple-helix based approaches (11-13), and genomic integration techniques (14) . Since optical mapping images restriction digestion events as growing gaps, site-specific cleavage events will map such sites directly. Taking into account the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. strengths and weaknesses of the different site-specific cleavage techniques, we chose to combine RARE with optical mapping.
RARE is a versatile site-specific cleavage method, which uses the sequence-specific binding properties of RecA protein/oligonucleotide complexes to protect the binding site from methylation by cognate methyltransferases. After RecA protein removal, the protected site becomes the only nonmethylated site, and it is thus uniquely cleavable by a cognate restriction endonuclease such as EcoRI. We used a RAREtreated sample as the starting material for optical mapping and imaged only the restriction endonuclease cleavage step of RARE. Here we report the development and some applications of optical RARE.
MATERIALS AND METHODS RARE. The RARE protocol was followed (8) with the following modifications. Saccharomyces cerevisiae (strain AB972) or Candida albicans (strain FC18; ATCC no. 62376) DNA was prepared as gel inserts and then made into "chops" (15), replacing microbeads (16). We found that chops gave superior results compared with the microbeads prepared in mineral oil. In each reaction, 30-70 ml (packed volume) of chops was used. The amounts of oligonucleotide and RecA used are indicated in the legends. Pulsed-field gel electrophoresis, PFGE (17), was performed in an ED apparatus (18), with 200 V applied, switch times of 150 sec for 8 hr, 30 sec for 16 hr for S. cerevisiae; 180 sec for 24 hr, 120 sec for 24 hr for C. albicans. Buffer used was 0.5 x TBE [42.5 mM Trizma base (Sigma)/44.5 mM boric acid/1.25 mM Na2 EDTA]. Probes were labeled by random priming (19) and standard Southern blot protocols were followed (20).
Optical RARE. Chops washed with EcoRI restriction buffer (8) were separated by PFGE in an ED apparatus as described above, using 1.0% Seakem LGT gel (FMC) and 0.5x TBE. The target band (a single chromosome-sized fragment) was excised without staining or exposure to UV light and was stored in TE buffer (10 mM Tris-HCI/1 mM EDTA, pH 8.0) until use. Microscope samples were equilibrated overnight at 4°C in 1.0 ml of Mg2+-free EcoRI restriction buffer (50 mM NaCl/100 mM Tris-HCl, pH 8), 4',6-diamidino-2-phenylindole (DAPI; 100 ng/ml, Sigma), bovine serum albumin (100 ,ug/ml, New England Biolabs), 0.1% Triton X-100 (Boehringer Mann- heim, membrane quality), and 2-mercaptoethanol (1.0%) (21). A 60-M1 equilibrated sample was melted at 72°C for 5 min and then incubated at 37°C. A coverslip and 7 ,ul of melted sample were layered over 5-10 units ofEcoRl spread over a clean slide and the reaction chamber was then sealed with mineral oil. Before data collection, 3 ,ul of 50 mM MgCl2 was diffused through a 1-mm Abbreviations: FISH, fluorescence in situ hybridization; RARE, RecA-assisted restriction endonuclease; PFGE, pulsed-field gel electrophoresis. Proc. Natl Acad ScL USA 92 (1995) hole into the reaction chamber. Optical mapping protocols and analysis techniques were followed as previously described (7). Video images from a fluorescence microscope (Zeiss) equipped with silicon intensified target camera (Hamamatsu) were digitized, and 32 consecutive frames were integrated to form a digital image with 13-bit precision. (Fig. 2A) . Not all imaged molecules are suitable for both relative length and intensity measurements. When molecules are not in perfect focus, only relative length measurements are usable (7). The PFGE data and optical maps derived from relative length and fluorescence intensity measurements are in good agreement here. Map polarity, however, must be established from ancillary data. The cutting yield was 75%-i.e., out of eight suitable molecules six were cut-and these data were used to construct the final map. Two molecules that did not show cleavage were not used. The reasons for incomplete cleavage are complex and include overmethylation of some molecules, which eliminates cut sites, in addition to optical mapping mounting considerations (7).
THR4 was mapped in the same fashion as LEU2. A 58-mer oligonucleotide was used for the RARE reactions, and digestion was with EcoRI. The final optical RARE map was averaged from maps constructed from seven molecules and was in close agreement with the PFGE data (Fig. 2B) . Cutting yield was 73%.
It is useful to map two sites simultaneously to determine map polarity. To test the feasibility of mapping multiple cutting events on a single molecule we used both LEU2-and THR4-derived oligonucleotides (Fig. 2C) total cutting yield was 68% (13 of the 19 molecules imaged). Of the 68%, four molecules were cleaved twice, and nine were cleaved once. Most of the reduction in the cutting yield observed here is due to coil relaxation effects, which sometimes obscure cut sites and occur more frequently with smaller molecules (7). Averaging maps from four two-cut molecules produced a final map that compared favorably with electrophoresis-based results. Fig. 2D shows the PFGE analysis of the RARE results. Although the RARE-treated samples show partial digestion, particularly in the ethidium-stained gel, the products are clearly vigible 100-and 245-kb bands. Lane 5 is the THR4 RARE, producing results similar to the LEU2 RARE. Lane 4 combines LEU2 and THR4 RARE to doubly cut chromosome III, producing an extra 150-kb band. This proves that these two genes are located at opposite ends of the chromosome. Fig. 2E shows the Southern analysis of Fig. 2D . The probe used was a mixture of MAT, HML, and HMR (23), originally mapped to the centromeric region of chromosome III and the distal ends. Lane 1 shows complete digestion of the yeast genome. Lane 2 shows uncut chromosome III. Lane 3 is the LEU2 RARE result with probe labeling both products. Lane 5 is the THR4 RARE, showing similar results to lane 3. Lane 4 combines LEU2 and THR4 RARE to doubly cut chromosome III, and all three RARE fragments are labeled. Some partial products are clearly seen and the estimated yield is 90-95%.
As a final test of optical RARE, we mapped the position of the C. albicans ERG16 gene (Fig. 3A) . Since ERG16 was previously found to be located on chromosome V (24) and sequenced (25), a RARE oligonucleotide containing an EcoRI site was conveniently synthesized. Chromosome V is approximately 1300 kb in size, so that mapping ERG16 assessed the effectiveness of optical RARE to image very large chromosomes and to optically discern a single selected EcoRI site out of potentially 300. Longer genomic stretches present increased opportunities for incomplete methylation, which in turn creates spurious cleavage sites (8). The final optical RARE map was constructed by averaging maps from seven molecules, and it placed ERG16 230 kb from the nearest chromosome end. Nine molecules were imaged and all showed cleavage; however, two (22%) showed incorrect cleavage, which we attribute to errors in methylation. These molecules were discarded from the final map-making process, since these cleavage sites deviated by more than 3 SD from the mean, given the optical mapping sizing precision (pooled SD: intensity, 36 kb; length, 47 kb) (7). Fig. 3B shows the RARE PFGE analysis. 
